Electrical conductivity mostly depends on atomic bonding as evident from comparing conducting metallic glasses and insulating covalent or ionic glasses. But structure of amorphous networks does have an important effect. For example, whereas Si and Ge crystals can be substitutionally doped by electron donors or acceptors to induce an insulator to metal transition [7] [8] [9] [10] , similar doping of amorphous Si even at the heaviest level cannot ameliorate network's random potential. Therefore, despite a 10 10 × enhancement of room temperature conductivity 11 , its value being limited by electron hopping reaches only 0.02 (cm) -1 , which is well below the minimum conductivity seen in metals. Other covalent amorphous networks such as chalcogenide As 2 Se 3 also fall into strong localization at low temperature 4 with their electron wave functions decaying exponentially not able to reach much beyond a localization length . The highly polarizable amorphous chalcogenides additionally have one peculiar feature of particular relevance to this study: Their same-state paired electrons are so strongly coupled to the atomic motion that they experience effective attraction with each other 12, 13 . With this background, it came as quite a surprise to see metallic behavior in a large variety of ~10 nm amorphous thin films made of amorphous Si 3 N 4 co-sputtered with a few percent of atomically dispersed metal atoms (Cr, Cu, Ta, Pt and Al.) 14, 15 Also surprising is to see them exhibit characteristics of strong electron-phonon interaction, similar to that in chalcogenides, even though they have rather low polarizability. Other similarly prepared, Pt-doped, amorphous films of SiO 2 , MgO, Al 2 O 3 , HfO 2 , Ta 2 O 5 , Y 2 O 3 and AlN confirmed the same observations 15 , suggesting a general possibility for electron to overcome strong localization while experiencing elevated electron-phonon coupling in amorphous nanostructures. Could it be related to the local structures that somehow become 3 more prominent in a nanoscale setting? Can the same local structures explain why almost all inorganic glasses-with the exception of metallic glasses-are insulators?
thickness  from which we use R 0K~e xp(/) to estimate = 4.9 nm. This is 18× the Si-Si bond length of 0.27 nm, thus a surprisingly long distance. In the insulator regime, the flat tunneling resistance crossovers to Mott variable-range hopping above certain T crossover , following his exp((T o /T) 1/4 ) law 16 with T o~  -3 as shown in Fig. 1c (also in Extended Data Fig. 2c, inset) . The law explains the high temperature data in Fig. 1a in thicker films, where hopping occurs between localized states separated by various longer-than- distances that overall scale with T −1/4 . When the hopping distance reaches the film thickness, the crossover happens. Thus, T crossover  , which is also confirmed by the inset of Fig. 1c . These results are in agreement with the past studies of bulk amorphous Si and Ge in the strong localization regime 16 .
We now describe weak localization in the metallic regime. In a nominally metallic disordered electron system, there are various electron interference phenomena giving evidence for weak localization as a precursor to strong localization 17, 18 . Excluding spin-orbit interactions and magnetic scattering as unimportant in our materials, we may attribute these phenomena to enhanced electron-electron interaction (EEI) and singular backscattering by impurities/defects.
They arise because electrons in a random network cannot travel ballistically, instead they must random-walk and diffuse. Therefore, after one encounter, two electrons may meander around in the -maze‖ and stay close to each other for some time before they finally diffuse away, and such -stickiness‖ enhances interaction. At 0K and the zero-energy limit, an incident diffusive electron can be Bragg-scattered off the Friedel oscillations of other electrons, giving rise to singular backscattering 19 . But singular backscattering also arises from diffusion of non-interacting electrons because they have a certain probability to diffuse back for a second encounter, which amounts to singular backscattering-if they have not lost coherency already. Previously, weak localization phenomena were mostly studied in metal samples with a measurement distance that 5 is either macroscopic or mesoscopic 6 . But in our metallic samples that have a transport length of only ~10 nm~ (Fig. 1c) , we have found two signature features of EEI-dominated weak localization phenomena: resistance (R) minimum in Fig. 2a -b and positive magnetoresistance in Fig. 2c-d . Furthermore, they exhibit thickness-dependent resistance saturation at low temperature in Fig. 2e , which is uncommon for mesoscopic phenomena because the typical sample sizes used in the past were too big.
The EEI-dominated weak localization theory predicts a quantum correction to threedimensional (3D) conductivity 18 , The resistance minimum seen in the less resistive metallic films of 11 nm n-Si+N ( Table 1 ). Importantly, they are fall well below the lower limit D=10 −4 m 2 /s of past studies. Incorrectly as we shall see, one might naively take this as caused by the much shorter mean free path l for random walk in amorphous Si, for l is set by the much longer impurity spacing in metals in the past studies.
Interestingly, despite the saturation of zero-field resistance below the saturation temperature T s~0 .2K, the positive magnetoresistance in Fig. 2d continues to follow the (T,B)
scaling and g 3 ( h ) but the curve can no longer be fit if one uses
This provides another confirmation of EEI, because if there were no EEI, then capping the diffusion distance ought to also cap singular backscattering, hence saturating the magnetorestance. (Singular backscattering without EEI contributes less to quantum resistance correction than EEI, because self-crossing paths, which are very common in 1D and 2D, are 8 relatively scarce in 3D. 19 ) We reason that the T 1/2 prefactor of the g 3 term in Eq. (1) should be replaced by T s 1/2 once the coherent diffusion distance is capped by . So we divide the data in Fig.   2d by a suitably chosen T *1/2 to bring the quotient to conformity with the g 3 (g B B/k B T) scaling of Eq (1), and thus chosen T * is plotted in the lower inset of Fig. 2d . Indeed, it becomes flat below T s ~ 0.2K, which provides an independent check for the value of T s . Lastly, because electrons are always localized at 0K in 1D and 2D 21 , crossover from 1D/2D weak localization to strong localization should set in at a finite temperature when the phase coherent length exceeds . 22 In our samples ~, so the L T~ and L T~ conditions nearly coincide. Therefore, the fact that resistance saturation instead of divergence was found at L T~ again implies 3D conduction.
Because the quantum correction is usually small for 3D conductivity,  o should not be far from the Drude conductivity, which for electrons of a density n and a Fermi wave number k F , Lastly, the same ~ ±1 V can trigger transitions over a wide range of temperature (Fig. 3a) . Their transition curves have similar metallic states but the insulator state is much more resistive at 2K
than at 300K (also see Extended Data Fig. 5l .)
The connection to electron-phonon interaction is established by mechanically triggering the insulator-to-metal transition using two interchangeable means. One is a hydraulic pressure P H lasting for ~1 minute (Fig. 3b) , the other is a magnetic pressure P B lasting for 10 13 s (Fig. 3c ) 15 .
(Two examples of macroscopic P B are (a) in the wall of a high-field magnet and (b) in the aircraft launch pad on USS Gerald R. Ford 28 .) Below we will give some details of these experiments, previously reported for Cr-doped amorphous Si 3 N 4 thin films 15 . (Readers may elect to skip this part.)
The P H experiment: The experiment was performed inside a pressure vessel and the pressure was exerted from outside the electrodes against the film (see schematic in (There is also an induced pressure due to the induced current in the electrodes, which inversely depends on the (pulse width) 2 .) 15 In the schematic of Fig. 3c , the pressure is actually a body force on the electrodes. But to keep the upper electrode in balance an interface uniaxial tension of the same magnitude as P B must be generated, which will also stretch the film as if there is a negative pressure. These forces in turn generate a biaxial tension in the top electrode, which can be ripped apart as in the earth-colored region in the center of the right panel of Fig. 3c .
(Rupture can be avoided by using a thicker, hence stiffer, top electrode 15, 30 .) Like the case of P H , a higher transition yield and a lower average resistance result when P B increases, as seen with decreasing r in Fig. 3c for n-Si+N and in Extended Data Fig. 7 for the other two compositions.
(In Fig. 3c , the two cells at r=0 experienced no transition because P B =0, by symmetry.) Again as in the case of P H , the metallic state thus rendered can transition back to the insulator state with a To explain these results, we will adopt the energy-configuration diagram (Fig. 3d ) of Street and
Mott for spin-paired bipolarons in amorphous chalcogenides 13 , but we will specialize it to the vicinity of an ultrasoft Si-O/N-Si bridge in amorphous Si because, unlike chalcogenides, neither
Si nor SiO 2 is highly polarizable.
We now apply the idea of a localized negative-U, which we previously proposed to explain resistance-switching in other amorphous materials-metal-doped oxides/nitrides 15, 31 , to electron attachment/detachment to a strained Si-Si bond next to a strained Si-O-Si bridge in While the ultrasoft, thus highly polarizable Si-O vicinity has a strong effect on conductivity, its fraction is probably too small to lower the dielectric constant of our films.
(Likewise, we expect a very low population of ultrasoft Si-Si bonds.) This should be obvious from the very low conducting fraction in our films, and it was confirmed by measuring the 15 capacitance C of the insulator films using AC impedance spanning over 10 2 -10 7 Hz, which gave similar result as reported in the literature. However, when the resistance is lowered in Temperature/Field Sweep. Electrical measurements were mainly conducted under two temperature/field-sweep conditions: cooling/heating at a fixed magnetic field (often zero-field, see Fig. 1a, Fig. 2a-b, Fig. 2e, Extended Data Fig. 2c-f) , and ramping magnetic field at fixed temperature ( Fig. 2c-d , and Extended Data Fig. 3 and Fig. 4b-c) . During these measurements, synchronized voltage, current, temperature and field data were recorded while the heating/cooling rate was set at an appropriate value. Sweeping of the magnetic field was 20 typically at 0.5 T/min in PPMS and 0.3 T/min in SCM1 and SCM2. The field/sample-orientation dependence of magnetoresistance was determined in SCM1 and SCM2 by rotating the sample at 3 degrees/min in a fixed magnetic field (Extended Data Fig. 3k ), or by rotating the sample to a new orientation, then sweeping the field to ± 18T (Extended Data Fig. 3i-j Here
) is the change of the resistance difference due to the change of (T,B). The above result is exact. This method can be used to accurately determine ∆ζ/ζ 0 =-∆R/R 0 down to 0.1%.
In our data analysis, for each composition we first selected a set of metallic cells that differ in either Si/Ge thickness or the resistance value. These cells will be named cell 1, 2, etc.
Assuming they are self-similar, we followed the resistance difference method to calculate -∆R. independent sets of data, e.g., temperature dependence and magnetoresistance, will suffice for 22 solving the parameters. A final check of self-similarity was made by using the same values of α/σ 0 and F  for all the films of the same composition-but of different thickness and/or resistance-to see if an excellent agreement between the Eq. (1) prediction and the experimental data can still be obtained. This is the case as illustrated by the overlapping data points and the theoretical solid curves in Fig. 2, Extended Data Fig. 3 and Fig. 4 .
Calculating Electron Properties from Model Parameters. These experiments were performed down to 2K; transitions at lower temperature were not attempted because of difficulty to ascertain the transition temperature due to Joule heating.
Because the resistance of metallic Si/Ge films can be arbitrarily small, the actual threshold Pressure Triggered Insulator-to-Metal Transition. A hydraulic pressure was used to cause insulator to metal transition. Before the pressure treatment, the two-point resistance of each Si/Ge cell in the cell array on the same chip was read at 0.1 V or pre-transitioned to certain resistance state using Keithley 237. The transitioned states include both the insulator state and the metallic state, while other cells were left in their current states after reading the resistance. 24 Next, the chip was disconnected from the voltage source, wrapped in an aluminum foil, vacuumsealed in an elastomer bag, and suspended in a liquid-filled pressure vessel (Autoclave Engineers, Erie, US) that was charged to a preset hydraulic of 2-350 MPa at room temperature and held for <5 min before sample removal. The resistance of each cell was read again at 0.1 V and compared with its pre-pressure-treatment value, and the result is presented in a cumulative probability curve such as Fig. 3b . Some higher pressure (up to 1 GPa) experiments were also similarly performed in a hydraulic pressure vessel (Dr. CHEF) at Takasago Works, Kobe Steel, at Takasago, Japan. is not a conductor and has no effect on the magnetic field. But because it can be blown away by a large magnetic field, it serves as a marker to help identify the flight path of the electron bunch.
Magnetic-Pressure Triggered
Since the cell size is about the same as the bunch size, maps that have hundreds of cells each 26 appearing as a -dot‖ with changed colors (Fig. 3c, Extended Data Fig. 7c-d . 3a) .
27. For 11 nm n-Si:0.45N film in this study, other than the lowest resistance at 70 ohm, other metallic states have a resistance ranging from 100-450 ohm. Therefore, subtracting 70 ohm from the latter resistance values, we obtain a range of 30 to 380 ohm for the lowerbound resistance. For a cell of a radius 250 m, the corresponding nominal film conductivity can be calculated to be from 4.63×10 -6 to 5.87×10 -5 (Ωcm) -1 as the range of the upper bound. Comparing these values with σ o~2 ,000 (Ωcm) -1 , we estimate an upper range of conducting fraction to be 2.3×10 -9 to 2.9×10 -8 . Therefore, our metallic films contain only a tiny conducting fraction that hosts a high density of electrons.
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